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ABSTRACT
Nikhil P Varma, M.S.A.A., Purdue University, December 2014. Computational Fluid
Dynamics Analysis of Freeze Drying Process and Equipment. Major Professor: Alina
A. Alexeenko.
Freeze drying is an important, but expensive, inefficient and time consuming pro-
cess in the pharmaceutical, chemical and food processing industries. Computational
techniques could be a very effective tool in predictive design and analysis of both
freeze drying process and equipment. This work is an attempt at using Computa-
tional Fluid Dynamics(CFD) and numerical simulations as a tool for freeze drying
process and equipment design.
Pressure control is critical in freeze dryers, keeping in view the product stability.
In industrial freeze dryers, loss of pressure control can lead to loss of an entire batch.
Pressure variation within the chamber could also lead to batch inhomogeneity, es-
pecially in industrial scale dryers. The low-pressure environment and the relatively
small flow velocities make it difficult to quantify the flow structure experimentally.
The current work presents a three-dimensional multi-species computational fluid dy-
namics model for vapor flow in a laboratory scale freeze-dryer validated with exper-
imental data and analytical expressions. The model accounts for the presence of a
non-condensable gas such as nitrogen or air using a continuum multi-species model.
The flow structure at different sublimation rates, chamber pressures and shelf-gaps
are systematically investigated. Emphasis has been placed on accurately predicting
the pressure variation across the subliming front. It was found that while the pressure
variation increased linearly with sublimation rate in the range of 0.5 kg/hr/m2 to 1.3
kg/hr/m2, the variation was more sensitive at shelf gaps approaching about at 2.1 cm
and negligible at gaps close to 9 cm. While the results are found to agree within 10%
of measurements made for the range of shelf gaps and sublimation rates investigated
xii
here, the analytical solution is found to be more accurate for smaller shelf gaps. The
current work presents an important validation case motivating broader use of CFD
in optimizing process and equipment design.
A critical component of the freeze drying system is the chamber to pressure duct.
A well designed duct, apart from providing smooth flow and lower chamber pres-
sures, should be able to accommodate the peak flow rates without the possibility
choking. Here we use computational fluid dynamics as a tool to predict the mini-
mum controllable chamber pressure, maximum sublimation rate, the onset of choking
and to suggest better freeze dryer geometry. The main findings include an improved
performance concept (IPC) that allowed 11% improvement in the sublimation rate.
The IPC offered a lower minimum controllable pressure at all sublimation rates. A
maximum projected improvement because of the combined effect of lower control-
lable pressure and improved flow throughput is estimated at 14.7% for the IPC. For
the lower condenser temperature, the maximum performance improvement of 8% was
observed at the 50mTorr chamber pressure.
Heat transfer to the product is one of the most inefficient step in the Freeze
Drying process. While a higher product temperature ensures faster sublimation, it
is necessary to maintain it below the collapse temperature for product stability. A
quick and reasonable accurate model could accelerate the process design cycle or
at the least reduce the number of experimental runs required. Here we present a
simplified unsteady heat and mass-transfer model which can be adapted for different
equipments and product geometry. The model is compared against experiments, the
effect of slice geometry is discussed and the application in a continuous freeze dryer is
demonstrated. The model was found to accurately predict the product temperature.
However the sublimation rate predictions deviated considerably form experiential
studies. It is speculated that the porous structure of the dried cake could play a
significant role in the sublimation rates and hence a more complicated model might
be required for accurate predictions.
1
1. INTRODUCTION
1.1 Freeze Drying: Overview
Freeze-Drying or Lyophilization is a key unit operation in the manufacturing of
a wide range of pharmaceuticals, food products and chemicals. The goal of freeze
drying is to preserve the molecular structure of the product, but at the same time
attain a near 100 % dryness. Freeze dried formulations are generally stable and allows
for easy transport and handling [1]. Stability of the product is of primary concern in
freeze drying process. The process is designed such that the maximum temperature
during the drying operation is kept low enough so that the product do no break down.
Typically, freeze drying is done in two steps: the primary drying and the secondary
drying phase. Up to 95 % of the moisture is removed in the primary drying phase.
The secondary drying phase sublimes the remaining water in the product at a higher
shelf temperature and lower chamber pressure than the primary phase.
The removal of solvent during freeze-drying is dependent on process conditions
such as heat transfer rates to the dried product and pressure in the drying chamber.




(Pv − P ) (1.1)
where Rp is the resistance parameter, Pv is the vapour pressure of water, P is the
pressure above the sublimation front. It can be readily concluded that the sublima-
tion rate is affected by the pressure, temperature and geometry of the sublimation
region. It is essential to maintain the pressure below Pv to avoid condensation and
product breakdown. Hence, control of chamber pressure is critical for Freeze Drying
operations.
Freeze drying is an inherently energy inefficient process that can sometimes extend
up to a few hours or days. Operation of an industrial freeze drying equipment for
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about 6 hours could cost upto $1000 [3]. Apart from the process cost, freeze drying
equipments themselves are expensive and consequently, freeze dried drugs could be
expensive. As a result extensive research is being conducted from a process design
perspective to reduce the drying time without hindering the quality of the product
[4], [5].
This work is part of a continuing effort to use CFD and numerical simulations as
a tool to improve the Freeze-drying process and equipment design keeping in view
cost and product stability.
1.2 Computational Fluid Dynamics(CFD) application in Freeze Drying
Research
Alexeenko et. al. [6] studied the effect of clean-in-place(CIP) piping in the chamber-
condenser duct and its effect on mass flow rates and the overall performance of the
equipment using direct simulation Monte Carlo (DSMC) technique . It was observed
that the CIP piping in the duct reduced the mass flux by 20%. Rasetto et. al. [7]
developed a dual scale model to predict the pressure variation across the shelf . It was
inferred that the flow-fields predicted by distributed sources and a slab with uniform
sublimation rate were identical. The model used a coupled model that calculates the
sublimation rate based on local pressure and temperature. It was understood that
the fluid dynamics in the product chamber is a major contributor towards product
non-uniformity. Petiti et. al. [8] used a multi-species model to analyse the effect of
condenser behavior, geometry and presence of inert gas on the minimum attainable
chamber pressure . The condenser performance was observed to have a strong impact
on the chamber pressure. The pressure distribution in the condenser is dictated by
the inert gas and is hence uniform. The condenser performance was found to be insen-
sitive towards change in the kinetic constant. The decrease of inert gas mass flow was
observed to reduce the absolute pressure. A 2-D axi-symmetric computational model
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using finite element was used to predict the vapour pressure, product temperature,
and other product parameters, was developed by Mascarenhas et. al. [9].
A review of applications of CFD in other biotechnology process research are dis-
cussed in [10].
As compared to experimental research methods, CFD often has a much greater
flexibility in terms of changes in geometry and boundary conditions. For freeze drying
analyses, it provides detailed information about flow properties at various locations
in the domain and can be a valuable tool for process and equipment design. Once
validated, the CFD model can be used for predicting the fluid flow at different op-
erating conditions. Hence CFD is of great potential and gaining popularity in the
design and improvement of medical devices [11].
1.3 Freeze Drying Process
The schematic of a typical laboratory freeze-dryer is shown in Figure 1.1.
The Product Chamber:
The chamber contains a set of vertically adjustable shelves. The vials or ice-slabs
are placed on the shelves whose temperature is controlled, often by a heat-transfer
fluid, pumped through the system. Single or multiple inlet ports on the chamber wall
allow inflow of Nitrogen or Air, to maintain the required pressure. The outlet of the
chamber is connected to the chamber to condenser duct.
The Chamber-to-Condenser duct:
The duct between chamber and condenser is a critical component of the equip-
ment. While the functionality of the duct is relatively simple, choosing the correct
duct dimension is critical for overall performance of the dryer. The duct often has
an isolation valve, that controls the flow to the condenser. Efficiency of flow through
duct can significantly affect the dryer performance [6].
4
Figure 1.1. Schematic of a Laboratory scale Freeze Dryer
The Condenser:
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The condenser contains the condenser coils cooled below the saturation temper-
ature of water. The inert gas, flows through an exit port to the vacuum pump as
the ice forms on the condenser coils. The condenser performance is the single most
critical factor affecting the efficiency of a freeze-dryer. (reference) The performance
of condenser has been studied by means of CFD techniques. [8].
1.3.1 Freeze Drying Cycle
The primary freeze drying mainly consists of three processes. In the first step, the
shelf-temperature is decreased below the freezing point of the solution and held until
the solution is completely frozen. Then, the pressure is dropped slowly by starting
the vacuum pump. Once the pressure is dropped sufficiently below the triple point,
the shelf temperature is carefully increased beyond the saturation temperature and
sublimation begins. This cycle is depicted in the figure 1.2
Figure 1.2. Freeze Drying Cycle: red arrow- freezing, green - vacuum,
blue - sublimation by shelf-heating. [12]
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2. VARIATION OF PRESSURE IN LYOPHILISATION
PRODUCT CHAMBER AND IMPACT ON
FREEZE-DRYING DESIGN SPACE
2.1 Introduction
Control of chamber pressure is critical for control of product temperature and
sublimation rate during primary drying. Chamber pressure is controlled at a fixed
location, normally through a port at the top of the freeze dryer. Variation in pressure
at the control point is normally within a few milliTorrs. However, recent theoretical
studies and fluid dynamics simulations have suggested that gradients in pressure may
exist on the sublimation surface [7], [13]. Chamber pressure can significantly affect
the heat-transfer rates and hence the sublimation rate from the product [14]. With a
sufficiently high pressure gradient, different vials would reach different levels of dry-
ness which can affect batch homogeneity or in some cases damage the product. In
a freeze dryer that is sufficiently large, such gradients may impact drying behaviour;
there is also a scale-up concern as these gradients depend on dryer geometry. Pre-
dicting the pressure gradients for different geometry and drying conditions is hence
important, keeping in view, the product quality. The goal of this work is to develop
and validate a computational model to predict such variations efficiently and with
reasonable accuracy.
2.2 The Computational Model
The Computational Fluid Dynamics Model In the continuum flow regime (Kn
<.001), the mechanics of fluid flow can modeled by the Navier-Stokes equations and
7
the Energy equation. In a multispecies problem, in addition to these standard equa-
tions, we have the species transport equation given by [15]:
∂ρYi
∂t
+∇(ρ~vYi) = −∇(Ji) +Ri + Si (2.1)
where Ri is rate of production from chemical reactions and Si is rate of creation
from sources for the species i. J is the diffusion flux(by the dilute approximation),
given by the form:




where Dm is mass-diffusion coefficient and DT is the thermal diffusion coefficient.
In the simulations discussed here, since there are no chemical reactions or sources,
Si and Ri terms are zero. The discretized forms of these equations were solved in the
commercial CFD software, ANSYS Fluent version 14.5. A 3D CAD model of Lyostar
chamber and chamber-to-condenser duct was created based on measured dimensions
and location of the shelves. Schematic of the computational domain based on the
CAD model is shown in Figure 2.1. The location of the shelf containing the tray or
vials was varied to study the effect of changing gap between the sublimation front
and the upper shelf.
Compressible, multi-species water vapor (H2O) and nitrogen (N2) gas fluid model
has been used in CFD simulations. The ideal gas equation of state was used for
species densities, and specific heat was mass-fraction averaged. Temperature-variable
viscosity models were used for both nitrogen and water with a 3-parameter fit. The
viscosity parameters for low-temperature water vapor are based on our earlier study.
A constant diffusion coefficient of (Di,m=2.8x10−5 m2/s) was used for the Nitrogen-
Water vapor mixing.
The numerical method used SIMPLE scheme for velocity-pressure coupling. A
second order upwind scheme was used for the momentum, energy and species trans-
port equations. Convergence for residuals less than 10−6 has been obtained for all
cases. A typical computational mesh with about 480,000 tetrahedral elements and
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100,000 nodes was selected after mesh independence study. The average cell aspect
ratio was 5. Different meshes were used to represent the inter-shelf gaps
Figure 2.1. 3-D Model and Boundary Conditions
The sublimation rate of water vapor is dependent upon the local pressure and
temperature. However, preliminary study using a coupled model and the results
discussed in [7],suggests that the sublimation rate can be assumed a constant over
the sublimation from. Therefore, a constant sublimation rate was used in these
simulations, which would greatly reduce the computation time and simplify the model.
A water vapor mass flux (kg/m/s2) was prescribed at the location of the sublimation
front based on the batch average experimentally measured sublimation rate.
The nitrogen gas inlet boundary was located at the top of the product cham-
ber(Figure 2.1). The N2 inlet was specified as a pressure inlet so as to match the
required chamber pressure. The remaining open boundary condition is the interface
between the duct and condenser. Here we use an outlet boundary with a specified
background pressure equal to the time-averaged condenser pressure during the freeze-
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Table 2.1 Simulation Parameters
Varying Shelf Gaps 2.1, 2.6, 2.8, 3.5, 5.5, 9cm
Varying Sublimation Rates 0.5 to 1.3 kg/hr/ m2
Different Chamber Pressures 60 mTorr, 75 mTorr and 115 mTorr
Species models Single-species and multi-species
Different condenser pressures 25 mTorr and 75 mTorr
drying process. Note that the condenser pressure is not specified as an input variable
in the actual freeze-drying process but is controlled implicitly by a balance between
the flow rate of the vapor and gas from the chamber and the condensation rate of the
vapor as well as the outflow into the vacuum pump. It was found that matching the
condenser pressure to the experimental value is important for accurate determination
of the pressure variation in the product chamber.
The different simulations and parameters are listed in the Table 2.1:
2.3 Analytical Model by Zhang and Liu
An analytical expression was derived by Zhang and Liu [16] for the pressure dis-
tribution, by assuming Poiseuille flow solution and a constant sublimation rate. As
a result of the Poiseuille flow assumption, it is implied that the vertical velocity is
negligible and temperature is constant.
For the Poiseuille flow for the channel give in figure 2.2, we have a velocity profile
of the form:












Figure 2.2. Schematic for the analytical model.
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The x-dependence of the velocity is accounted for by the pressure gradient term.
Equating the sublimation rate to the mass flux between the plates, one could obtain






where µ is the dynamic viscosity, M is the molar mass of water, Gm is the subli-
mation rate and R is the universal gas constant.
With the boundary conditions,
dp
dx
= 0 at x=0 and (2.5)
p = pc at x=L (2.6)
the equation for p(x) can be obtained:
p(x) = pc
√





and the pressure drop can be given as,
4P = pc(
√
1 + α− 1) (2.8)
where α is the parameter depending upon the shelf-gap, length, viscosity, chamber






It should be noted that the 4P is related to sublimation rate by a power-law,
which can be approximated by a linear relationship at lower sublimation-rates. Even
though the Poiseuille flow assumptions are not strictly valid for the problem due to the
finite length of inter-shelf channel. As expected the predictions from the analytical
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expression were found to be in good agreement with experimental and numerical
results at lower shelf gaps. The results and comparisons are discussed in the next
section.
2.4 Results and Discussions
2.4.1 Flow field structure
The primary feature of the flow inside the chamber is the significant variation in
species concentrations. The fluid composition is non-uniform in the product chamber
with a significant region of nearly pure nitrogen gas above the top shelf. Similarly,
nearly 100% water vapor is found above the sublimation front and in the lower part
of the chamber. This finding underlines the importance of multi-species model for
accurate representation of fluid dynamics inside the chamber.
Figure 2.3. Species contours and streamlines from a typical simulation
result (Gap: 2.6cm, Sublimation rate= 1kg/hr/m2, Pch=75mTorr).
Red and blue streamlines represent nitrogen and water respectively.
13
Another notable feature of the flow is the non-uniform distribution of water vapor
in the chamber-to-condenser duct as seen in the figure. Due to laminar nature of
the flow, mixing of the species is relatively slow. This is an important consideration
for improving accuracy of TDLAS measurements of real-time water vapor flow rate
through the duct by sensing the velocity profile of water vapor. TDLAS extraction of
flow rate is based on an assumption of pure water vapor. Our model suggests there
is a significant fraction of nitrogen at the periphery of the duct cross-section due to
the presence of solid supports for the shelves in the product chamber. There is a gap
between these solid supports and the chamber wall where the composition of the gas
is nearly 100% N2. This non-uniform concentration could also affect the condenser
performance.
Figure 2.4. Species contours for a shelf gap of 2.6cm and Pch=75 mTorr
Note that most of the previous CFD models, although qualitatively similar, have
been using a single species fluid model. A comparison of single and multi-species
model predictions indicates that the use of a mixture model results in a lower pressure
variation above the sublimation front. However, at relatively lower chamber pressures
(about 60 mTorr) and sublimation rates above 0.85 kg/hr/m2, the single-species
model is expected to be valid.
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2.4.2 Effect of Sublimation Rate
Here we analyze the effect of sublimation rate on the pressure drop between shelf
edge and center. The model results agree qualitatively with experimental measure-
ments of differential pressure. Both model and experiments show a nearly linear
increase in pressure variation with sublimation rate. The analytical expression(2.8),
suggests a power-law relation. However, for realistic sublimation rates, this can be
approximated by a linear relation.
The pressure drop is mainly due to the acceleration of sublimed vapor towards
the edge of the shelf, and the viscous losses. The pressure contours at different
sublimation rates are shown in the Figure 2.5.
Figure 2.5. Pressure contours with increasing sublimation rates.
Both experiment and CFD predict the increase of the pressure variation with the
sublimation rate. The quantitative agreement is also good. The mean deviation be-
tween experiment and multi-species CFD is about 11%, which is close to the expected
measurement error. The maximum deviation is about 21%.
2.4.3 Effect of Shelf Gap
The dependence of pressure variation on the gap between the sublimation bound-
ary and upper shelf is compared next. The pressure for a gap of 2.6cm and 9cm are
shown. It can be seen that while there is a considerable pressure difference at the
15
Figure 2.6. ∆P vs sublimation rate and effect of chamber and con-
denser pressures. N:CFD at actual condenser pressure(45mTorr) and
chamber pressures. •:CFD at a lower condenser pressure of 24 mTorr.
: Experimental measurements at 115 mTorr. -.-:Analytical values
obtained from Equation no. 8
smaller shelf gap, there’s almost a uniform pressure distribution at 9cm gap. This is
mainly because the shelf-gap acts as a nozzle, accelerating the subliming fluid. At
smaller gaps, the velocity at the shelf-edge is very high, causing the high pressure
drop. Moreover, the viscous losses are higher for a smaller shelf-gap, this contributes
to the higher pressure drop as well.
Figure 2.8 compares the CFD multispecies results with both experimental data
and analytical expression at the same chamber pressure and sublimation rates. Both
experiments and modeling follows the predicted trend of increasing pressure variation
with decreasing gap distance. The analytical predictions and CFD results are in
excellent agreement at lower gaps, but deviate at higher shelf-gaps where the Poiseuille
flow assumptions break down.
Note that this is the first time that the CFD model for flow parameter distribution
within the freeze-dryer has been compared to experimental data. Thus, it presents
16
Figure 2.7. Pressure contours at different shelf-gaps.
Figure 2.8. The variation of P with shelf-gap.
an important validation example that can motivate broader use of CFD modeling in
development and optimization of freeze-drying equipment and processes.
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2.4.4 Effect of Chamber Pressure
It was observed that with decreasing chamber pressures, the pressure variation
increases. The slope of the linear fit increases as well showing a higher sensitivity of
the pressure variation on sublimation rates. A comparison between simulations at 60
mTorr and 115 mTorr chamber pressures are shown in Figure 2.9.
Figure 2.9. δ vs. sublimation rate at two chamber pressures.
At lower chamber pressures and higher sublimation rates, nearly 100% of the gas
is water vapor. Often the sublimation rate is sufficient to maintain the chamber
pressure. In the actual scenario, the N2 flow rate is shut off under such conditions.
Hence a single-species model was used at these pressures. The decreasing presence of
N2 with increasing sublimation rates is shown in the figure.
Therefore, at lower chamber pressures and high sublimation rates, it is sufficient
to use a computationally less expensive single species model.
18
Figure 2.10. Species contours at 60 mTorr chamber pressure. A sin-
gle species model is sufficient at lower chamber pressures and higher
relatively high sublimation rates.
2.4.5 Deviation from Zhang and Liu theory
The theory as discussed in makes a set of assumptions. Here we compare results
from the CFD simulations to check if these assumptions hold true for different cases.
Given below are the velocity profiles, calculated using equation no. 2.3 and then
compared with the CFD results. All the following calculations are made for a chamber
pressure of 115 mTorr and sublimation rate of 1.3kg/hrm2) The velocity obtained
from CFD calculations, as seen below, has an evolving profile which deviates from
the velocity profile predicted from the theory towards the shelf edge. The velocity
profiles were plotted for various distances from the shelf center as shown in 2.12
Figure 2.11. a: Shelf locations at which velocity profiles are plotted.
However, it is seen that the pressure, follows a profile that is in excellent agree-
ment with the theory for smaller shelf gaps but shows deviation for larger gaps. A
19
Figure 2.12. b: Velocity profiles at various shelf locations given in (a).
Dots represent simulation results, lines represent analytical solutions
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comparison with lower and higher shelf gaps are given in Figures 2.13 and Figure
2.14.
Figure 2.13. Pressure variation across the shelf for 2.6cm shelf
gap.(Pch=115mTorr, msub=1.3kg/hrm2)
This deviation is because at higher shelf-gaps, the assumptions involved in the
derivation of the theory do not hold. For such cases, we might have to resort to CFD
calculations or an alternate theoretical model.
Apart from the issues discussed above, the analytical results do not include the
effects of inert gas or other boundary conditions such as the condenser pressure. As
can be seen in Figure 2.6, the condenser pressure can significantly affect the CFD
predictions. Hence, for different condenser pressures, it becomes necessary to use a
CFD model to predict the pressure variation.
2.5 Conclusions
The pressure drop above the sublimation front was found to increase linearly
with sublimation rate in the range of 0.5 kg/hr/m2 to 1.3 kg/hr/m2. The results
21
Figure 2.14. Pressure variation across the shelf for 9cm gap.
(Pch=115mTorr, msub=1.3kg/hrm2)
Figure 2.15. Effect of condenser pressure: Pressure variation for dif-
ferent condenser pressures.
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are found to agree within 10% of the measured pressure drop. While the pressure
drop was found to be small (< 1 mTorr) at shelf gaps approaching 9cm, it increases
to about 9 mTorr at gaps approaching 2.1 cm. The results were validated with an
analytical solution and experimental data and agree well across the range of shelf gaps
investigated. The deviation from experimental data was attributed to uncertainty in
the boundary conditions, specifically the transient nature of the condenser pressure
and in assuming a uniform mass flux over the sublimation front. While the results
were in excellent agreement with analytical expressions at small shelf gaps, it was
observed that at higher shelf-gaps, there exists significant errors. This was due to
breakdown in the assumption inherent to the Poiseuille solution for large shelf length
to shelf gap ratios under such conditions. The work presented here has proven that
CFD approaches used to model the flow physics in the chamber can accurately predict
the process dynamics and its impact on product uniformity within and across batches
for a product. While the findings presented here are substantial in quantifying the
pressure variation across the sublimation front for different process conditions and
shelf configurations, it is imperative that the impact of such variations on the drying
uniformity for different scales of operation be investigated for successful scale-up
practice.
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3. CFD ANALYSIS OF INDUSTRIAL FREEZE DRYERS
3.1 Introduction
The chamber to condenser duct is often a critical part of the Freeze Drying equip-
ment. In Industrial scale freeze dryers, the flow rates can sometimes be very high
reaching sonic conditions inside the duct. This could lead to choking and loss of pres-
sure control. Such a scenario could occur from a variety of design faults [17] including
faulty duct selection. A high chamber pressure resulting from such a scenario could
damage the entire batch resulting in significant loss [5]. However, very often process
cycle parameters are determined on laboratory scale equipment, where the flow rates
are low for choking to occur. Hence there is a need for fast and accurate models
to predict choking and designing the equipment for particular process conditions. A
carefully chosen duct would lead to a lower chamber pressure which in turn improves
the overall performance of the dryer.
This project aims at gaining qualitative and quantitative understanding of the
variation in some of the geometric parameters associated with the chamber-to-condenser
duct, using computational fluid dynamics as a tool.
3.2 Computational Fluid Dynamics Modeling
In actual freeze dryers, the chamber pressure and sublimation rates are coupled
with each other by equation 1.1. However to simulate flow through the duct, a
coupled model would be time-consuming. This model uses a constant-sublimation
rate or constant pressure inlet depending upon the analysis.
The chamber pressure predicted from a constant sublimation rate is the mini-
mum attainable chamber pressure with the given duct at particular condenser
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conditions. Similarly, the sublimation rate predicted from a constant pressure in-
let(chamber pressure) is the maximum sublimation rate for the particular bound-
ary conditions. In other words, here we inspect the performance limits imposed by
the geometry of the dryer.
Modeling the entire freeze dryer, including the condenser coils would be tedious
computationally expensive. Keeping in view the purpose of this project, i.e. to
investigate and suggest the optimum duct dimensions and valve configurations, a
reduced geometry was used, as shown in the figure. An outlet was created, offset
with the lowest plane of condenser coils and was considered as pressure outlet.
Figure 3.1. Condenser and duct: full geometry.
Since the detail of chamber and shelves, other than the lowest shelf is not an
important consideration, only the last shelf was modelled. This also allowed the use
of a 2-D axi-symmetric model instead of a 3-D model which reduced the computation
time from a few hours to 20 minutes. The 2-D axi-symmetric mesh is as shown in
the figure.
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Figure 3.2. Reduced 3-D model with chamber. Green surface shows
the outlet boundary.
Figure 3.3. The axi-symmetric mesh and boundary conditions
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The mesh was generated in ANSYS Mesher. Since the accuracy of Computational
Methods depend upon mesh resolution, a grid independence study was conducted by
simulating the same geometry and boundary conditions for different meshes(coarse,
medium and fine). As a result, 2-D mesh with 230,000 elements was chosen. A
Pressure-Implicit with Splitting of Operator(PISO) scheme was employed on the com-
mercial CFD code ANSYS Fluent [18]. Convergence of residuals below 106 was ensure
for all the cases.
For the CFD model we have the following inputs, geometry variables and outputs.
Simulation Inputs:
• Pressures, Temperature- chamber(inlet) and condenser(outlet)
• Sublimation rate from chamber inlet. This is set up to account for sublimation
rates of the 10 shelves that is not included in the model .(inlet)
• Turbulence intensities at all inlets and outlets.
Geometry Variables:






• Predictions of choking- required minimum diameter, max. sublimation rate, etc.
• Chamber pressure from sublimation rate.
• Velocity and streamlines of fluid particles.
The effects of varying these parameters on the flow field and equipment perfor-
mance is discussed in the following sections.
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3.3 Effect of Valve Opening
The flow-rate through the chamber to condenser duct is controlled by a valve.
The maximum displacement of the valve is 18 inches from the end of the duct. When
fully open the condenser head aligns with the valve face. Here we investigate the flow
rate and characteristics at various valve openings.
The effect of valve opening were investigated by simulating different geometries
at the same operating conditions. The smallest opening simulated was 6 inches and
the largest opening was 18 inches. For the largest opening, simulations were run for
two geometries: one by lowering the head to align with the valve, the other with a
head at 12 inches, which is the benchmark case. The different geometric parameters
and boundary conditions are as give below.
Table 3.1 Simulation parameters: Effect valve openings
Parameter Value
Valve opening 6,12, 18 inches
Mass flow rate 75 kg/hr
Condenser Temperature/Pressure -50oC/29.5 mTorr
Duct Diameter 40 inches
It can be intuitively concluded that lower, the valve gap, more restricted the flow.
However apart from the quantitative results, it is also important to understand the
limit at which the flow chokes and further larger opening do not offer any benefit.
The pressure contours for different valve openings are as given below:
It can be observed from Figure 3.4, that, the minimum controllable chamber
pressure is lowest for the highest valve opening (18 inches) with the condenser head
dropped down to align with valve surface. The flow in this case is the least restricted
and hence there’s less pressure drop between the condenser and the chamber. This
helps keeping the chamber pressure low, which is desired. However, this simulation
28
Figure 3.4. Pressure contours for different valve configurations.
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assumes the sublimation rate and shelf-temperature to be constant, which is why it
is only the ”minimum controllable pressure” at these conditions.
The Mach number contours for different valve configurations are given in the
following figure.
Figure 3.5. Mach number contours for different valve configurations.
At lower valve openings(6 inches and 12 inches) there is no sonic conditions inside
the duct. However, the venturi effect towards the valve exit accelerates the flow into
sonic conditions. This is common for all valve openings, but the ’sonic area’ decreases
at higher openings.
It can also be noted that at 18inches opening there is sonic conditions inside
the duct. With the head lowered to valve position, the sonic conditions occur later
downstream towards the condenser exist.
3.4 Different Duct Lengths
Another important objective of this work is to understand the effect of the duct
length from chamber to condenser and also to quantify the effects. The duct length
was reduced and increased 10 inches from the base model and meshes were created
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for each case. The valve opening was maintained at the base case and the following
cases were compared.
Table 3.2 Simulation parameters:Effect of Duct Length
Parameter Value
Valve opening 12 inches
Mass flow rate 75 kg/hr
Condenser Temperature/Pressure -50oC/29.5 mTorr
Duct Diameter 40 inches
Duct Length 150,160,170 inches
From fundamental fluid mechanics, it can be predicted that, longer ducts would
lead to higher pressure drop owing to the higher viscous loss. However, for the given
geometry, in order to obtain a quantitative prediction, we need to employ a CFD
model. The results from the model are as follows:
Figure 3.6. Pressure contours: Varying duct length.
As expected, the minimum controllable chamber pressure drops by about 8 mTorr
for a duct shortening of 10 inches. This implies, lower the duct length, better the
31
pressure control. However, the Mach number is highest for shorter duct length and
could possible lead to choked flow.
Figure 3.7. Mach number contours:Varying duct lengths.
3.5 Turbulence Modeling
Turbulence is not a common issue in Freeze Dryers, however for the given design
we have concluded from preliminary calculations(Reynolds number 106) that the flow
is turbulent. Hence a turbulence model was employed for all the computations. The
k-ω model was used for its accuracy for predicting internal flows [19], [20].
Higher turbulence intensities were observed at the inlet of the duct and near the
valve face. The production of turbulence kinetic energy was maximum near the drain
ring and the valve surface.
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Figure 3.8. Turbulence intensity and production of TKE.
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3.6 Comparison between base case and IPC(Improved Performance con-
cept)
On the basis of the analysis performed, an improved performance concept(IPC)
was suggested. The difference is in the various geometric parameters as shown below.
Figure 3.9. Base model and the IPC
The following analyses were conducted to compare the two models.
Analysis 1: Impact on Sublimation Rate
Predict and compare sublimation rates for different preset chamber pressures.
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• Chamber pressures: 50,100,150 and 200 mTorr.
•Condenser Temperature: -50oC and Pressure: 30 mTorr.
Analysis 2: Minimum Controllable Pressure
Predict and compare min. controllable pressures for different sublimation rates.
• Sublimation Rates: 20,40,60,80,100 kg/hr
• Condenser Temperature: -50oC and Pressure: 30 mTorr.
Analysis 3: Impact on Refrigeration System
Predict and compare sublimation rates for different preset chamber pressures.
• Chamber pressures: 50,100,150 and 200 mTorr.
• Condenser Temperature: -55oC and Pressure: 15 mTorr.
3.6.1 Analysis 1: Predict flow rate from the CFD model for different
chamber pressures
Here the chamber pressure was varied from 50 to 100 mTorr and the maximum
possible mass flow rate through the duct was calculated from simulations. The Mach
number contours are as given below.
From the Mach number contours it can be observed that at lower pressures, both
the IPC and base model have similar flow patterns. However, at higher chamber
pressures, IPC has higher Mach number.
The IPC consistently offers higher sublimation rates than the base model. The
percentage improvement in terms of sublimation rates are given in the following figure.
The results of the analysis are compiled in the table below:
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Figure 3.10. Analysis 1: Mach number contours.
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Figure 3.11. At all chamber pressures, the IPC offered higher subli-
mation rate than the base model.
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Figure 3.12. The highest improvement of 11% is observed at the
lowest chamber pressure of 50 mTorr.
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Table 3.3 Results: Analysis 1
Pch(mTorr) mA (kg/hr) mb (kg/hr) Performance Impact Percentage Improvement
50 23.51 26.16 1.11 11.3
100 53.94 58.21 1.08 7.91
150 81.75 87.74 1.07 7.33
200 109.39 117.15 1.07 7.09
3.6.2 Analysis 2: Predict the minimum controllable pressure from the
CFD model for different sublimation rates
Here, the two models are simulated for different sublimation rates. The average
chamber pressure is calculated from the solution and compared. The sublimation
rates were varied from 20 to 100 kg/hr. The pressure contours for the lowest and
highest sublimation rates are given below.
At higher sublimation rates, the drop in minimum controllable pressure is con-
siderable 23 mTorr. However at lower sublimation rate the IPC provides a min.





At higher sublimation rates, sonic conditions were reached in the duct of the IPC.
This points towards a possibility of choking.
At all sublimation rates, the IPC has a lower min. controllable pressure than the
base model.
The projected performance impact is plotted below; the PI increases initially,
peaks at 60kg/hr and then drops.
The results of Analysis 2 are compiled in the table below.
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Figure 3.13. Pressure contours: Analysis 2
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Figure 3.14. Mach number contours: Analysis 2
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Figure 3.15. Analysis 2: Chamber pressure vs. Sublimation rate
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Figure 3.16. Analysis 2: Projected performance improvement.(%)
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Table 3.4 Results: Analysis 2
Mass flow rate Pcontrollable(A) Pcontrollable(B) Difference Projected Percentage
(kg/hr) (mTorr) (mTorr) (mTorr) Improvement Improvement
20 45.50 41.40 4.10 1.10 10.39
40 78.90 69.50 9.40 1.13 13.91
60 118.00 103.10 14.90 1.14 14.73
80 155.20 136.60 18.60 1.13 13.81
100 192.70 170.30 22.40 1.13 13.30
3.6.3 Analysis 3: Predict flow rate from the CFD model for different
chamber pressures(Effect of Refrigeration system)
This is similar to Analysis 1, but is simulated at a lower condenser pressure. The
Mach number contours show a trend similar to the previous analysis.
Figure 3.17. Mach number contours:Analysis 3
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The sublimation rates show a trend similar to the earlier analysis. The maximum
sublimation rate is higher for the IPC, but the % improvement is less than that for
Analysis 1.
Figure 3.18. Max. sublimation rate vs. pressure.
The results of Analysis 3 are compiled in the table below:
The same analysis is conducted at a condenser temperature of −45oC, correspond-
ing to 52 mTorr condenser temperature. The results are as follows:
It can be observed that the performance improvement is higher, but the net sub-
limation rate is lower than that of the lower condenser pressure.
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Table 3.5 Results: Analysis 3
Pch mA mb Performance Percentage
(mTorr) (kg/hr) (kg/hr) Impact Improvement
50 26.33 28.31 1.08 8
100 54.54 58.42 1.07 7
150 82.40 87.69 1.06 6
200 113.62 116.97 1.03 3
Table 3.6 Results: Analysis 3
Pch mA mb Performance Percentage
(mTorr) (kg/hr) (kg/hr) Impact Improvement
100 49.84 55.18 1.11 10.71
150 80.04 86.82 1.08 8.47
200 107.90 116.85 1.08 8.29
3.6.4 Impact of improved refrigeration system: comparing Analysis 1 and
Analysis 3
To investigate the effect of refrigeration system improvement, it is sufficient to
compare Analysis 1 and Analysis 3. The change in condenser side boundary conditions
here is due to the use of a better refrigeration system. Comparing the performance
improvement below,
It was observed that a better performance improvement was seen for a higher
condenser pressure and temperature.
However, comparing the baseline case performance for each Analysis it can be seen
that there’s a significant improvement in performance, due to the change in condenser
conditions(improved refrigeration system).
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Table 3.7 Impact of refrigeration system
Pch mA mb Performance Percentage mA mb Performance Percentage
(mTorr) (kg/hr) (kg/hr) Impact Improvement (kg/hr) (kg/hr) Impact Improvement
50 26.33 28.31 1.08 8 23.51 26.16 1.11 11.3
100 54.54 58.42 1.07 7 53.94 58.21 1.08 7.91
150 82.40 87.69 1.06 6 81.75 87.74 1.07 7.33
200 113.62 116.97 1.03 3 109.39 117.15 1.07 7.09
Table 3.8 Improvement due to refrigeration system
Pch (mTorr) mA Analysis 3 (kg/hr) mA Analysis 1 (kg/hr) % Improvement
50 26.33 23.51 12%
100 54.54 53.94 1.1%
150 82.40 81.75 0.7%
200 113.62 109.39 3.8%
Maximum improvement in sublimation rate (12%) is observed for the low chamber
pressure cases. Highest absolute improvement in sublimation rate(4.23 kg/hr/m2)
was observed at 200 mTorr chamber pressure. Hence an improved refrigeration system
promises a higher mass-flow, but the performance impact due to change of geometry
from base to IPC is less.
3.7 Conclusions and possible future work
A computational model was developed for the Industrial scale freeze dryer and
the required simulations were conducted. The duct length and duct diameter were
understood to be the dominant parameters. The maximum valve opening with the
condenser head dropped offered a better efficiency. The flow was found to be tur-
bulent, with Reynolds number in the order of 106 − 107 for most cases. Hence a
turbulence model was used. The ring diameter and shelf distance we observed to
have insignificant effects on the flow field.
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On the basis of these understandings, an Improved Performance Concept was
suggested. Three different analyses were performed to ascertain the benefits of using
the IPC. In all cases the IPC was observed to perform better than the base model.
However the peak performance improvement was observed at a sublimation rate of
60kg/hr. At lower condenser pressures, the performance impact seem to reduce below
10%, but at usual operating pressures the improvement is significant. An improved
refrigeration system was found to increase the sublimation rate by 12 % for 50 mTorr
chamber pressure.
As a next step, it would be beneficial to model the condenser and use a multispecies
model to account for the non-condensable gas. By utilizing additional computing
resources, it will be possible to model and understand condenser performance as well.
Another aspect, ignored in this study is the detailed chamber geometry, including
shelf layout and inter-shelve separation. The chamber was assumed to be cylindrical,
owing to the use of axi-symmetric model. Modelling the chamber and shelves and
calculating the optimum shelf gap for maximum sublimation rate would result in
further improvements of the efficiency and uniformity of the freeze-drying process.
48
4. HEAT TRANSFER AND SUBLIMATION MODEL
4.1 Introduction
One of the primary concerns in freeze drying is product stability. Therefore it
is ensured that the product temperature is several degrees below the collapse tem-
perature [4]. However the process parameters are often developed based upon trial
and error approach which could result in scale-up issues with catastrophic effect at a
batch scale [21]. The ability to accurately predict product temperature and drying
time for the primary drying, without having to conduct several laboratory runs would
accelerate process development for various drugs and food products, especially in in-
dustrial scale equipments. Apart from this, heat transfer being the most inefficient
step in the modern freeze drying offers a lot of room for improvement [22]. This work
is an attempt at developing a fast but reasonably accurate mathematical model to
determine and optimize freeze drying process parameters.
4.2 The Heat and Mass-Transfer Model
During primary drying phase, the heat transfer from shelves to the frozen product
takes place through contact conduction, gas conduction, gas convection and radiation.
However at typical freeze drying conditions, i.e. lower pressures the contribution of
convective heat-transfer is usually ignored. Rambhatla and Nail [23], has shown that
heat transfer coefficient for suspended vials were independent of chamber pressure.
This points towards the conclusion that convection is negligible. Ganguly et. al. [22]
have found that at higher pressures, above 100 mTorr,convective contribution to
the heat transfer can be around 18 % at the maximum. However considering the
complexity of modelling convective heat-transfer, this mechanism is neglected.
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The schematic of the heat and mass-transfer model and the nomenclature is given
in 4.1.
Figure 4.1. Schematic of the heat and mass transfer model.
The model is based on the industrial freeze drying equipment at Watershed Foods,
LLC, Gridley, IL. Hence this model was primarily applied for freeze-drying of food.
A lumped capacitance system was assumed based on initial calculations of Biot’s
number which was less than 1. A similar assumption about the belt made it possible
to solve for the belt temperature. The length of a typical product slice is 6mm or
less. A cylindrical shape for the frozen product was assumed in the initial model. As
a result, radiation from the side was assumed to be negligible. However, the model
was adapted for a spherical-cap shape which better resembles freeze dried yogurt.
A 1-D FVM, model without lumped capacitance was later developed but was found
to be computationally time-consuming and is not discussed in this work. However
no significant deviations were seen between the results from the 0-D and 1-D models.
Similar models can be found in the literature [24].
The model also assumes a homogeneous, amorphous, frozen product slice initially
which might not reflect the actual case in many situations. Hence any effect of the
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method of freezing [4] employed cannot be predicted by the model. For instance,
the degree of super-cooling often determines the porosity and hence the sublimation
rate from the product [25]. Such effects are not modelled here, but was found to be
important for accurate results.


















where ṁ is the sublimation rate from the product surface. With ṁ and Qext
known, the above equations 4.2 and 4.2 can be integrated to solve for product tem-
perature and cake length.


















































































To solve for the belt temperature, we assume the belt to be in steady state at
each time-step, i.e. Quasi-steady state. This assumption was validated by comparing
it with a complete unsteady model which is computationally intensive. The lumped
capacitance assumption was made for the belt and is valid as long as the belt is thin.
Figure 4.2. At steady-state, the heat flux into the belt can be equated
to heat flowing out.
These assumptions let us write the following equation, which is numerically solved
to obtain the belt temperature. The fluxes can be calculated using the similar radia-
tive and gas conduction equations described above. Then, the belt temperature, Tb
can be solved by equating,
(
o
q gas, belt, top+
o
q rad, belt, top) = (
o
q gas, belt, bottom+
o
q rad, belt, bottom)
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The following constitutive relations are used along with the above equations. The









The Product resistance is calculated as [2],




Lcake = 0.5(Lpr,0 − Lpr)
A1 and A2 are determined by comparing results against experimental data.
The thermal conductivity kair was calculated using IAPWS formulation for ther-
mal conductivity of water vapour [29].
Hence, we have a closed set of equations which can be integrated over time to get
the required results. The model was programmed in MATLAB.
4.2.1 Model with Spherical-Cap product geometry
In order to better resemble an actual yogurt cake, produced at the Watershed
factory, a spherical segment was used as given in figure.
The model equations had to be modified slightly for this with variable cross-
section. The modified model equations are as follows. Instead of the mass-conservation
equation used for cylindrical cake, here the sublimation rates had to be calculated
















Figure 4.3. Spherical cap model. All other variables not shown in the
figue are unchanged from the cylindrical model.
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Now, the product area and length terms in the gas conduction equation need dif-
















where a is the slice radius and R* is the radius of the spherical surface. Now the gas





















While the sublimation rate for top and bottom cross-section uses the same equa-
tion, the product areas are different and calculated as,
Apr1 = 2π(Lpro − Lck2 − Lck1)(R∗ − Lck1)
Apr2 = −(Lpr0 − Lck2)2 + 2(R∗ − Lck1)(Lpr0 − Lck2)
Similar approach can be used for other product shapes as well. A comparison
between the spherical and cylindrical geometries are discussed in the next section.
4.3 Results and discussion
4.3.1 Comparison with laboratory tests
In the following section we compare the results of simulation with laboratory tests
conducted by Watershed LLC. The resistance parameters, A1 and A2 are selected for
the best fit with all experimental results. The shelf temperature profiles are obtained
from the experimental data and is an input to the model.
Simulation Parameters
Lair1=.9 ∗ 10−3(Airgap between shelf and belt(m))
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Table 4.1 Simulation results: Test 4
Test 4 Measured Model
Heating plate temperature, oC Mean: 80 variable
Heating plate temperature, oC Peak: 132
Chamber pressure, Pa 100 100
Total drying time, min 300 -
Sublimation rate, kg/hr/m2 1.2 (nominal) 0.33 (average)
Sublimation rate, kg/hr/m2 1.22 (average, assuming 90% water content)
% Dried 1 0.17
(500 minutes)
Steady Tpr , C 58 56.2
Time to Tpr, min 52 49
Lair2=.8 ∗ 10−3(Airgap between product and belt(m))
Lairtop=7.4 ∗ 10−3(Top Airgap(m))







The results of simulation for ”Test 4” are given in the table below.
Simulation Results
The product temperature profile is shown in the following figure.
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Figure 4.4. Test 4: Results.
Figure 4.5. Shelf and belt temperature profile for Test 4.
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Figure 4.6. Heat transfer rates for Test 4.
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Table 4.2 Simulation results: Test 12
Test12 Measured Model
Heating plate temperature, oC 66 variable
Heating plate temperature, oC Peak: 132
Chamber pressure, Pa 100 100
Total drying time, min 240 230
Sublimation rate, kg/hr/m2 1.5 (nominal) 0.46
Sublimation rate, kg/hr/m2 0.18 (average, assuming 90% water content) (average)
% Dried 0.12 0.1
Steady Tpr , C 58 57.8
Time to Tpr, min 71 74
Test 12
Figure 4.7. Simulation results: Test 12
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Figure 4.8. Shelf and belt temperature profiles for Test 12.
Figure 4.9. Heat transfer rates for Test 12.
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The following conclusions can be drawn from the above simulation results:
1. The product temperature profile is predicted with reasonable accuracy for both
cases. Deviations in this case could also arise from experimental measurements, or
from the assumptions made for the model.
2. The percentage dryness of the product deviates considerably from the exper-
imental value for Test 4. This points towards a possible failure in modelling the
sublimation rate.
3. Gas conduction from bottom shelf is the dominant mode of heat transfer,
followed by radiation from top and radiation from bottom. This implies that, for the
model, heat-transfer from bottom shelf is more significant and could result in ”burnt”
product. This is in agreement with the observation from Watershed.
4. The belt temperature is lower than the lower shelf temperature, by 10C. Hence
it is necessary to consider the presence of the belt to calculate accurate heat-transfer
rates.
4.3.2 Model for continuous freeze dryer
In a continuous freeze dryer, the frozen products travel through a set of conveyor
belts that pass between shelves held at various temperatures. The temperature of
various shelves act as the temperature profile in a laboratory freeze dryer. In order to
predict the product temperature and sublimation rate in a continuous freeze dryer,
the boundary shelf temperature profile has to be modified accordingly. The results
of the modified model is give below.
Simulation Parameters
Lair1=.9 ∗ 10−3(Airgap between shelf and belt(m))
Lair2=.8 ∗ 10−3(Airgap between product and belt(m))
Lairtop=42 ∗ 10−3(Top Airgap(m))(assumed)
Rpr=6 ∗ 10−3(frozen yogurt slice radius(m))







Top and bottom shelves were assumed to have the same temperature.
Shelf temperature profile to model the continuous Freeze Dryer
There are nine belts. The time the product remains on each belt was assumed to
be constant(6 minutes for this particular run). The shelf temperature profiles were
obtain from the continuous freeze dryer installed at Watershed LLC, for production
of freeze dried yogurt 4.10.
Figure 4.10. Shelf-temperature profile to model continuous freeze dryer.
The product temperature profile (Figure 4.11) and sublimation rate (Figure 4.12)
of a single yogurt slice is as given below. The temperature profile is different from
that in laboratory cases, as in that, the maximum temperature is at the final belt
rather than a peak temperature earlier in the cycle.
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Figure 4.11. Product Temperature: continuous freeze dryer model.
Figure 4.12. Sublimation rates at various degrees of supercooling.
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From the sublimation rate profile, once can obtain the relative sublimation from
each belt. It was observed that at belt # 4 had the maximum amount of drying.
Figure 4.13. Net sublimation from different shelves.
4.3.3 Comparison between different product geometry
Here, we compare the above results with the case of a model with spherical-cap
geometry. All the parameters are kept same for the cylindrical and spherical-cap
model. The results compare as follows:
It can be clearly observed that the slice with spherical-segment geometry has
higher heat and mass-transfer rates. As a result we expect the spherical cap geometry
to have a lower product temperature, which is true as seen in the following figure.
4.4 Conclusions
An unsteady heat and mass-transfer model was developed to predict drying time
and temperature profile for laboratory and continuous freeze dryers. The model was
adapted for different geometrical shapes. The model was compared against experi-
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Table 4.3 Comparison between cylindrical and spherical slices.
Variable Cylinder Spherical Cap
Time 54 minutes 54 minutes
Slice thickness, mm 6 6
Slice radius, mm 6 6
Heating plate temperature, C Variable Variable
Chamber pressure, Pa 120 120
Total drying time, min - -
Sublimation rate, kg/hr/m2 0.69 0.86
(average) (average)
% Dried 0.11 0.27
Figure 4.14. Product temperature: different slice geometry.
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mental results and was found to predict product temperature with reasonable accu-
racy. However, significant deviations in sublimation rates were observed for some of
the tests. The application of model to continuous freeze dyers with conveyor belts
was demonstrated. The model could be used to predict, the belt where maximum
sublimation and heat-transfer occurs. A comparison between cylindrical and spheri-
cal cap showed that the spherical cap geometry allows higher-sublimation rates, and
hence lower product temperature.
The model assumes, a lumped capacitance system and can be inaccurate for larger
slices with higher heat capacity. The model ignores convection and hence could be
error prone at higher chamber pressures, or in the presence of significant pressure
gradients. The models also ignores the method of freezing employed and hence carries
no information about the dried cake structure. This suggests that the sublimation
model has to be changed to adapt for porous product cakes as well. Here, the degree
of supercooling only acts as an initial condition. It is clear that more complex models
are required for better accuracy. However, with an improved sublimation model, this
model could be of great use in freeze drying process design, especially in the industry.
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5. CONCLUSIONS AND FUTURE WORK
A few freeze drying problems of academic and industrial interest were studied us-
ing computational techniques. Computational Fluid Dynamics models were used to
understand pressure variation, predict choking and make design suggestions from an
equipment design perspective. A simple heat and mass-transfer was developed to
accelerate the process design procedure.
5.1 Pressure variation and Scale up Issues
The uniformity of a batch of freeze dried product and its successful scale-up across
various scales of operation is governed by many parameters which couple the fluid
dynamics in the chamber, connecting duct and condenser. An improved understand-
ing of the flow mechanisms through predictive physics based modeling capability are
needed to develop optimal process and equipment designs in the multi-parametric
low pressure heat and mass transfer system. In this work, a computational fluid
dynamics model was developed for a laboratory scale freeze dyer and validated with
experiments. The study systematically investigates the pressure variation between
the shelf center and edge above the product sublimation front at different operating
conditions and shelf gap configurations. It was observed that a multi-species model
that takes into account the effect of inert gas is required for accurate description of
the flow field. However at lower pressure and high sublimation rates, a single-species
model is sufficient. An accurate value of the condenser pressure was found to be
important in predicting the flow variables.
Considerable pressure variation was observed above the sublimation front for a
laboratory scale freeze dryer. The pressure drop was observed to increase linearly
with sublimation rate and exponentially with dropping shelf gaps. The chamber
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pressure was found to be affecting the slope of the δ P vs. Sublimation curve. The
results are in agreement with experimental data and analytical expressions. However,
the analytical expressions could breakdown in certain cases due to the Poisuelle flow
assumptions. Also, the analytical model do not consider the presence of an inert gas
or change in boundary conditions. In such scenarios, a CFD model is required. It
was also concluded that, at lower chamber pressures and high sublimation rates, a
single-species model is sufficient, as the concentration of nitrogen is negligible in such
cases.
A model with pressure-sublimation rate coupling could be more accurate in pre-
dicting the pressure variations and the effect on product temperature. The effect
of vials have to be studied for better understanding of fluid dynamics in the cham-
ber. The scale-up issues and pressure variations in industrial freeze dryers have to be
studied.
5.2 Design for Industrial Freeze Dryers
Computational Fluid Dynamics was used to predict choking, flow rates and min-
imum attainable chamber pressure. Focus was on the duct selection and a simplified
model was used for the purpose. The flow in the duct was found to be turbulent and
supersonic. An improved model was suggested based on the simulations, and offered
a higher sublimation rates at all chamber pressures, and a lower minimum control-
lable chamber pressures for simulations with varying sublimation rates, as compared
to the base model. A maximum projected improvement of 14 % was predicted for
a sublimation rate of 75kg/hr. The improvement can be attributed to the lowering
of chamber pressure which would increase the sublimation rate. The effect of an im-
proved refrigeration system was quantified. A maximum improvement in sublimation
rate of about 12 % was predicted for lower chamber pressures.
As a next step, the effect of a condensible gas could be investigated. A more
detailed analysis of condensers is essential for accurate prediction of choking and
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sonic conditions at the exit. The axi-symmetric assumption could also contribute to
error in the result and a 3-D model has to be employed for highly accurate models.
5.3 Unsteady Heat and Mass-transfer model
A simplified unsteady heat and mass transfer model was developed by making
lumped capacitance assumption. The model was found to be accurate for product
temperature predictions. A spherical cap geometry was found to accelerate sublima-
tion as compared to a cylindrical slice. Gas conduction from bottom shelf was found
to be a dominant parameter. The belt temperature was found to be tens of oC lower
than the bottom shelf- temperature. However, it is speculated that for better accu-
racy predicting sublimation rate,a sublimation model which accounts for porosity is
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